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S umma ry 

This is the final technical report on the Lunar Data 
Analysis and Synthesis Program Grant No. NSG-07025 awarded to 
Rice University by the Lunar Programs Office of the National 
Aeronautics and Space Administration. The purpose of the 
research was to use data from the ALSEP/CPLEE instrument along 
with other lunar-surface end lunar-orbiting instruments to study 
interactions between the moon and its space plasma environment. 

Principal research accomplishments under this grant were: 

1. Study of lunar nightside electron fluxes and identifi- 
cation of three distinct classes of flux events. The 
events were shown to be due to a) electrons propagating 
upstream from the earth's bow shock; b) electrons 
thermalized and scattered to the lunar surfac by 
disturbances along the boundary of the lunar solar- 
wind cavity? c) solar wind electrons scattered to the 
lunar surface by lunar limb shocks and/or compressional 
disturbances . 

2. Identification of these lunar nightside electrons as 
a causative agent of the high night surface negative 
potentials observed in the ALSEP/SIDE ion data. 

3. Study of the shadowing of magnetotail plasma sheet 
electrons by interactions between the lunar body and 
the ambient magnetic field and by interactions between 
charged particles and the lunar remnant magnetic fields 
in the vicinity of the instrument. These shadowing 
effects were shown to have important effects in modifi- 
cation of the lunar-surface and near-lunar potential 


distributions . 
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These studies will be described in detail in this report. 
The NASA Technical Officer for this grant is Dr. Desiree 
Stuart -Alexander , Code SM, NASA Lunar Programs Office. 
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I n t reduction 

The Charged Particle Lunar Environment Experiment (CPLEE) 
was deployed on the lunar surface during the Apollo 14 mission 
on February 6, 1971. Over a lifetime of approximately 2 1/2 
years the instrument returned much valuable data concerning the 
charged particle environment of the moon and the interactions 
between space plasmas and the lunar body and surface. The initial 
hardware and data analysis contract (NAS9-5884) continued until 
March 1974 and the final report for that contract contains the 
scientific justification, instrument description, and scientific 
research activity of the CPLEE program up to that time. Briefly, 
the initial period of data analyst' concentrated upon analysis 
and understanding of charged particle fluxes to the dayside 
lunar surface. We investigated the lunar surface photoelectron 
layer, the properties of the plasma sheet in the geomagnetic 
tail at lunar distance, properties of magnetosheath particle 
populations, relations between charged particle events observed 
at the moon and events observed closer to the earth by other 
satellites, and changes in the magnetotail geometry during magnetic 
storms. Other investigations included particle fluxes due to 
artificial lunar surface impact events and cosmic ray particles 
from the August 1972 solar flares. The reader should refer to 
the NAS9-5884 final report for a complete bibliography. 

In our studies of CPLEE data, it became obvious that many 
of the phenomena observed were not an intrinsic feature of the 
lunar environment but rather were the result of interactions 
between the moon and its space plasma environment. One such 
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example is the layer of photoelectrons which forms on the 
sunlit lunar surface ana which creates a positive surface 
potential ranging up to 200 volts ( Re a so n or and Burke , 1972) . 
Significant fluxes of electrons were observed throughout the 
lunar night when the moon was upstream of the earth in the 
solar wind and the CPLEE instrument was viewing into the 
downstream lunar wake cavity. That any fluxes were observed 
at all was indeed surprising, for previous models of lunar- 
solar wind interactions predicted that the cavity should be 
empty of plasma. 

The Post-Apollo Data Analysis and Synthesis Program 
afforded an opportunity to make a study of plasma-lunar 
interactions using data from the CPLEE instrument, the 
ALSEP/SIDE instrument, and the Explorer 35/Ames Research 
Center Magnetometer in lunar orbit. We proposed to make 
such a study and the grant was awarded in March 1974. A 
one-year extention was granted in March 1975. 

The scientific reports and publications are listed 
in Appendix A. One student, Dr. Patricia H. Reiff, received 
her Ph.D. degree from research conducted under this grant. 
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Instr umonts and Data Base 

Data from the ALSEP/CPLEE (primary) , the Apolio 14 
ALSEP/SIDE, and the Explorer 35/ARC Magnetometer were used 
in these studies. The ALSEP/SIDE data were supplied by Dr, 

J. W. Freeman, Jr., of Rice University. Data from the Ex- 
plorer 35 Magnetometer had been supplied to us earlier by 
Dr. D. S. Colburn of Ames Research Center, and we continued 
to use the data in these studies. 

The CPLEE and SIDE instruments have been described 
extensively in other publications. See, for example, the 
Apollo 14 Preliminary Science Report, NASA SP-272. Briefly, 
the CPLEE instrument is an ion-electron spectrometer which 
covers the energy range 40 eV - 20,000 eV in 15 steps. The 
instrument contains two identical analyzers, one looking 
toward local lunar vertical (Analyzer A) and the other looking 
60° from local vertical toward lunar west (Analyzer B) . The 
CPLEE completes a complete measurement cycle in 19.2 seconds. 

The SIDE instrument contains an ion energy analyzer covering 
the energy range 10 - 3500 eV in 20 steps with a cycle time 

of ximataly 1.5 minutes. The instrument also contains a 

mass analyzer, but no mass analyzer data were used in these 
studies . 

The Explorer 35/ARC Magnetometer is a three-axis instru- 
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ment with a basic resolution of 0.125 y (1 y = 10 Gauss). 

The data were supplied to us in the form of digital magnetic 
tapes containing 82 second averages of the magnetic field values. 
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Other ancillary data included solar wind conditions and 
the geomagnetic activity index Kp from archived sources of the 
National Space Science Data Center and published data from 
the Lunar Portable Magnetometer Experiment ( Dyal , et al_^, 1971) . 
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Scio ntif ie Roau .1 ts 

In this section we discuss the scientific results of the 
CPLEE Post-Apollo Data Analysis and Synthesis Program. As this 
report contains reprints of many of the scientific publications, 
only summaries will be presented here. 

I. Lunar Night Electron Fluxes 

Figure 1 shows an example of the data which motivated this 
study. The counting rates due to 200 eV electrons are plotted 
as a function of time for a period around lunar sunset. The 
exact time of sunset (terminator crossing) is marked by the 
vertical arrow. The relative high, stable fluxes during the 
first part of the period are lunar surface photoelectrons 
(Reasoner and Burke , 1972). As the solar illumination ancle 
increases, the photoelectron fluxes decrease (hour 4 of day 49) 
and the fluxes between this time and lunar sunset are a mix- 
ture of photoelectrons and solar wind electrons, which tend to 
be more erratic in nature. However, in contrast to classical 
predictions the electron fluxes do not vanish at sunset but 
rather persist long after sunset. In fact, as will be seen in 
subsequent figures, sporadic through significant fluxes persist 
throughout the lunar night. Solar wind aberration (the shift 
in the solar wind direction caused by the motion of the earth- 
moon system through the interplanetary medium) could account 
for fluxes persisting up to ^12 hours following terminator 
crossing, but the effect would be asymmetrical relative to the 
dawn and dusk terminators. In fact, r.o such effect could be 
discerned; that is, the fluxes displayed no preference toward 


either terminator. 
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Figure 1 

An example of electron flux data observed near lunar sunset. 
Sunset is marked by the vertical arrow. It is seen that signifi- 
cant fluxes persist long after sunset. 
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Figure 2 is an example (bottom panel) of fluxes observed 
near lunar midnight. The top two panels show the latitude '* 
and the longitude <j> of the interplanetary magnetic field 
measured with the Explorer 35/AI«J Magnetometer. The data gaps 
in the magnetometer record are due to the operational character- 
istics of the Explorer 35 Satellite. It was observed, in a 
study of 4 months of data, that there seemed to t, *, referred 
directions of the IMF for the occurrence of s. .... . 4 -he fluxes. 

The preferred directions seemed to be near a ■> ’ ..Meeting 
the earth to the moon. Accordingly, a mo<. * inch's bow 

shock surface was constructed (a hyperboloid _t. volution) and 
for each position of the moon the zone in 9 - if space where the 
IMF would connect the moon to the bow shock were computed. The 
dotted line on the 0 plot represents the boundaries of the IMF 
earth-moon connection zone. The zone boundary lines are irregu- 
lar since the width of the zone in 4) is a function of the latitude 
0. We see that the electron fluxes are significantly larger 
whenever $ falls into the connection zone (e.g., at 0215-0230 
and 0305-0405). In all, 14 such events were identified in the 
data set. There were undoubtedly more, but could not be uniquely 
identified because of missing magnetometer data. The flux events 
which are correlated with IMF direction were labeled Type I and 
the other, lower intensity events were labeled Type II. The Type I 
events therefore must originate at the earth's bow shock and 
propagate back upstream in the solar wind to impact the nightside 
lunar surface. We will return to the Type II events later. 
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Figure 2 

Examples of Type I and Type II lunar night flux events. The 
lower panel is the counting rate due to 200 eV electrons and the 
top two panels are the latitude 0 and longitude <J> of the IMF. 

The dotted lines on the <fi plot show the zones where the IMF 
connects the moon to the earth's now shock. The higher intensity 
Type I events are seen to occur only when <J> is within the connec- 
tion zones. 
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Scuddor ct al. (1973) reported observations of solar wind 
electron temperatures with OGO-5. They found that on the average 
the solar wind electron temperature was higher when the satellite 
was connected to the bow shock along IMF lines. They attributed 
the higher temperatures to a non-Maxwel 1 ian component with a 
temperature on the order of 100 eV. In Figure 3 is shown a 
superposition of a typical solar wind electron spectrum with a 
characteristic temperature of -10 eV and a typical spectrum of 
a Type I event. It is seen that the addition of Typo I fluxes 
to the solar wind electrons results in a flux enhancement at 
higher energies which would be interpreted as a solar wind 
electron temperature increase, but that the true nature of the 
additional flux would not be seen by a detector exposed to the 
direct solar wind. However, for this study the moon acted to 
shield the instrument from the direct solar wind and allowed 
an uncontaminated measure of these electrons. 

Figure 4 shows an example of a third type of lunar nightside 
electron flux event. Here, as in Fig. 2 , the counting rate of 
the 200 eV electron channel is displayed. Also shown is the 
geomagnetic disturbance parameter Kp. The data displayed cover 
the period from 1200 U.T. on May 18, 1971 (Day 138) to 0000 U.T. 
on May 23 (Day 143) . Lunar sunset, marked by an arrow and the 
corresponding disappearance of lunar photoelectron fluxes, 
occurred at 1930 U.T. on May 18 (Day 138) . Electron fluxes are 
seen at the terminator and to persist into the lunar night period 
for approximately 4 days but with gradually decreasing intensity. 
The corresponding behavior is also seen prior to dawn terminator 
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Figure 3 

A composite spectrum of solar wind electrons and a Type I event, 
showing that the superposition of the two results in an apparent 
higher temperature for the solar wind electrons. 
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Figure 4 

Examples of Type III lunar night flux events, showing their 
correlation with distance from the lunar terminator (marked with 
the vertical arrow) and with the geomagnetic activity index Kp. 
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crossing, i.e. those fluxes first appear approximately 4 days 
prior to crossing. These fluxes arc? distinguished by their 
greater intensity than either the Type I or Type? II events 
discussed earlier; and, unlike the other two types, they are 
strongly correlated with Kp. As can be seen from the? figure, th< 
fluxes are absent when Kp is below 1+. Although the connection 
between the geomagnetic activity index Kp and events at the moon 
far upstream of the earth may not be obvious, Kp has been shown 
to be an indirect indicator of the velocity of the solar wind 
(Snyder et elL, , 1963) . Thus those Type III fluxes appear to 
originate at or near the lunar terminators and are influenced 
by solar-wind conditions. The occurrence, if any, of thes 
fluxes at the lunar dayside surface is impossible to determine 
since they are considerably weaker than the photoelectron fluxes 
observed at the surface on the sunlit hemisphere (Reasoner and 
Burke, 1972) and would be masked by the photoelectrons. 

It was argued (Reasoner, 1975) that the Type II and Type III 
events were the result of interactions between the solar wind 
and the lunar body which served to decouple and/or thermal ize 
electrons out of the solar wind and scatter them to the lunar 
surface. It was further argued that the Type III events, due to 
their correlation with distance from the terminator and with Kp, 
were a consequence of an interaction at or near the lunar limb 
with the solar wind. Parenthetically, it is expected that many 
of the questions concerning detailed interaction mechanisms 
could be answered with proper plasma and maqnetic field detectors 
on board the proposed Lunar Polar Orbiter. 
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II. Implications of the Lunar Night Flux Events 

These lunar night flux uvt>nts, although weak in magnitude 
compared to sources such as the direct solar wind, magnotosheuth, 
and plasma sheet, are nonetheless significant in view of the fact 
that lunar photoelectrons are not available to provide a return 
current. Consequently, these electrons should be capable of 
affecting the lunar nightside surface potential. Theoretical 
calculations of Manka (1973) based on plasma probe theory result 
in a value of -38 volts for the lunar nightside surface potential 
when the moon is in the solar wind. Experimental measurements 
of positive ion fluxes to lunar night surface by the ALSEP/Supra- 
thermal Ion Detector Experiment (SIDE) (Freeman and Ibrahim, 1974) 
indicate that the lunar nightside potential is actually consider- 
ably higher, on the order of a few hundred volts. We suggest 
therefore that the lunar night electrons flux events, with mean 
energies in the range of 100-200 volts, are responsible for 
driving the lunar surface potential to the large negative values 
inferred by the SIDE measurements. We note that the measured 
ion densities were in the range 0.05 ions/cm 3 , which would be of 
the correct order to provide flux balance to the lunar surface. 
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III. Particle Shadowing 

Placement of charged particle detectors on the lunar 
surface by the Apollo/ALSEP program presented many unique 
problems in data evaluation. We have already referred to the 
problems associated with contaminating photoelectrons (Reasoner 
and Burke, 1972) which prevented measurement of the lowest 
energy portion of the ambient electron spectrum. Another 
problem, that of particle shadowing, arises because the size 
of the lunar body is large compared to the scale size of 
particle cyclotron orbits in the magnetic field, particularly 
in the case of electrons. For certain orientations of the ambient 
magnetic field, particles cannot reach the CPLEE analyzers because 
their spiraling trajectory in the magnetic field carried them 
into the lunar surface. 

As a first step, computations were done assuming a flat, 
uniform lunar surface with only external magnetic fields. Local 
remnant magnetic fields and surface electrostatic potentials 
were neglected. Particle trajectories were computed for various 
orientations in latitude 9 and longitude of the external 
magnetic field. In this coordinate system 6=0 was the lunar 
equatorial plane and <j) = 0 was the direction of local vertical . 

The results of this computation are shown in Figure 5. The "open 
zones" for both the A and B analyzers are shown. It is seen that 
the open zones are roughly circles centered around the analyzer 
look directions. The analyzer B zone is distorted since the look 
direction is not symmetrical relative to the surface. 
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Figure 5 

Zones of allowed direction of the external magnetic field for 
detection of electrons by the CPLEE A and B analyzers. 
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The next stop was to include tho effects of local remnant 
magnetic fields. Although there were no magnetometer measurements 
at the ALSEP site on Apollo 14, Lunar Portable Magnetometer 
measurements (Dyal et al. , 1971) wore made at two sites in the 
vicinity from which an ALSEP site field was computed under the 
assumption that the remnant field could be represented by a dipole 
source. The geometry and magnetic field values used in the 
calculation are shown in Figure 6. The inferred field at the 
ALSEP site was a 75 y field directed generally downward and 
to the southeast. Particle trajectories were traced in the 
combination of a 5 y external field and the inferred local 
dipolar field to yield the "open zones" in 0 - $ space shown 
in Figure 7. Comparing this figure with Figure 5, the distortions 
can be easily discerned. Also included in the figure are the 
open zones for a mythical C analyzer which is oriented 60° from 
local vertical toward lunar east , i.e. a complementary direction 
to the B analyzer. For the moon immersed in an isotropic plasma, 
the amount of flux actually reaching the surface will be a function 
of the external magnetic field direction. For external field 
directions within the intersection of zones A, B, and C the particle 
flux reaching the surface should be az a maximum. This fact 
has indeed been verified in studies of plasma sheet particle fluxes 
{Reiff , 1975) . 

These studies of particle trajectory modifications by the 
local remnant fields have allowed resolution of some puzzling 
questions concerning the photoelectron layer and the potential 
distribution near the lunar surface. Theoretical calculations of 
the expected lunar surface potential in the presence of plasma 
sheet fluxes by flux balance techniques (c.f. Burke et al., 1975) 
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Figure 6 

Geometry of the Apollo 14 ALSEP site and vicinity showing 
magnetic field vectors measured by the Lunar Portable Magneto- 
meter and the inferred magnetic field at the ALSEP site under 
the assumption that the remnant field source could be represented 
by an equivalent dipole. 






Figure 7 


Zones of allowed direction of the external magnetic field with 
the local remnant field superimposed for detection of electron 
by the CPLEE A and B analyzers and a ficticious "C analyzer" 
oriented 60° from local vertical toward lunar east. Flux 
access to the lunar surface is maximum when the external field 
direction lies within the intersection of the three zones. 
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have usually resulted in a lower value than tnat actually observed 

by observing returning photoelootrons . However, the effect of 

the local remnant magnetic field is to affect the trajectories 

of incoming electrons much more than those of incoming ions, 

which leads to the creation of a charge separation electric field. 

This charge separation field produces an additional potential 

barrier to escaping photoelectrons and results in an apparent 

surface potential higher than that given from theoretical flux 

balance calculations. The situation is depicted schematically 

in Figure 8. Near the surface the electric field is due mainly 

to the photoelectron layer with a scale length of only a few 

meters. The photoelectron layer potential <f> is given by the 

flux balance calculation. However, extending out to '1 km above 

the surface (the scale length of the local magnetic field) lies 

a charge separation potential <j> produced by modification of the 

c s 

trajectories of the incoming ions and electrons. A surface- 
generated photoelectron must the a surmount the total barrier 
d> + <b in order to escape, and without the result outlined here 
it would be incorrectly concluded f^om observational data that the 
potential barrier due to photoelectrons alone was the total 
barrier height. 



Figure 8 


A schematic of the electrostatic potential distribution when 
the sunlit moon is in the plasma sheet. See text for an 


explanation . 
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Conclu s i on s 

The interaction of space plasmas with the moon has indeed 
been a fascinating area of study, for the moon is unlike any 
other solar system body whose interactions have been studied 
in situ . The moon possesses no sensible atmosphere or large- 
scale magnetic field, and hence the interactions are weak though 
nonetheless interesting. 

Charged particles and solar photons have direct access to 
the lunar surface, and the surface-based charged particle detectors 
have shown a number of interesting phenomena; for example, electro- 
static surface potentials, charge separation potentials caused by 
particle interactions with local remnant magnetic fields, 
disturbances of the solar wind at the lunar limb, and modification 
of the lunar night surface potential by the impact of thermalized 
solar wind electrons. 
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Observations oi’ Low-Energy Electrons Upstream of the Earth's Bow Shock 

David l. Ri asomu 

Department of Spate Ph\sus and .Utnmnnn, f<nc f un cron Unit u,-n f< \< r ~'iuii 

Observations of electron fluxes wuh .1 fiirui-lMsei! elet trni, ,pcci 1 mm icr v frti lire iiio,,n .1 ,1 iiji-in\nv 
uf the earth have shown that a subset u( observed (luxes art "i r • >n(.’lv conn nlcd ih the int-.-- planetary 
magnetic field (JMFTdircelimi The (luxes occur only when the I'll lint . umii' ,1 knk ti> the e.uii> ■ in,w 
shock. Observed densities ami temperatures were 111 die range-. 2 a ■ m • cr. .n:,J l 7 * • pr k. It 

is shown that these electrons can account for increases n; diet toe solar wind fhMron tenipeiatures on 
bow shock connected held lines, which hate been observed prcum-di l>\ oilier nm '4111.111111. It 0 tniihei 
shown that if a model ol the how shock with an elect rost.mc poienli.il harrier is ass in tied, lilt potential tan 
be estimated to be 500 V. 


Observations of charged particles upstream in the solar 
wind, whose origin w s apparently at the bovt shock, have 
been reported by scv< it authors (see, e.g., Anderson |I%9J, 
Lin el at. [1974], and references therein). The common feature 
of these observations is that there is an interplanetary charged 
particle component that is strongly controlled by the direction 
of the interplanetary magnetic ficto (IMF). The particles were 
only observed at a particular upstream locution when the Held 
line through the observation point intersected the assumed 
bow shock envelope. In this paper are presented observations 
of low-energy (40-1001) cV) electrons from a lunar-based in- 
strument during lunar night periods. The instrument was view- 
ing into the downstream solar wind cavity, and the moon was 
upstream of the bow shock, Sporadic low-energy fluxes were 
observed throughout luna r "ight periods, and it is shown that 
a subset of these electron flux events occur only when there is 
Held line connection to the bow shock 

Data 

The particle measurements were made with l he charged par- 
ticle lunar environment experiment (Cpl.FL), u component of 
the Apollo 14 Alsep system. (For an instrument description see 
Burke and Reasoner [1972].) Magnetic field data from the Fx- 
plorer 35/Amcs Research Center magnetometer in lunar orbit 
provided field line geometry information 

Data from four contiguous lunar night periods in February to 
May 1971 were examined for the presence of electron fluxes that 
exhibited control by the IMF direction, in particular for elec- 
tron fluxes that were present only when the IMF line passing 
through the moon intersected the earth's bow shock The bow 
shock surface was represented by an aberrated hyperboloid of 
revolution a model first proposed by Scudder et al [1973], For a 
given value of the IMF latitude 0 the equation for the limit- 
ing values of the IMF longitude 0 resulted in .1 quartic in cot 0. 
This equation in turn was solved for the limiting values of <s> 
such that the IMF was tangent to the bow shock surface. 

Because of gaps in the IMF data it was not possible to 
catcgori/e all lunar night electron flux events according to the 
criterion of whether or not the IMF intersected the now shock 
However, when analysis was restricted to only those events 
where concurrent IMF' data were available, it was possible to 
identify from the data set a totul u f !0 electron flux events with 
durations of .0 min or more where the electron flux exhibited 
strong control by the IMF direction, appearing only when the 
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IMF line connected from the tun. 4 downstream to the bow 
shock For the sake of brevity wc will refer tn these event- . 1 
'trow shock events' in the remainder of the paper 

An example of a how shock event is shown 111 Figure 1 In 
this figure we display 3-nnn averages of the counting rale due 
to 200-cV electrons (lowei panel), the 1MI longitude 0 (mid- 
dle parrel), and the IMF latitude H (upper panel 1 I fie limiting 
value- of 0. which, recall, are a function of <), are shown as 
dashed lines near s 2*1". On this day. May 25, 1971, the solar 
ecliptic longitude of the moon varied from 4" to Hi", 1 e , ilk- 
moon was almost directly upstream from the bow shock I wo 
prominent isolated events are seen, one from 02 1 If to 02 til and 
the other from OIOS to CM 10. Lower -intensity sfiorter-durat.on 
events appear near 0515 and lingo In all these events are seen 
the sin- p onsets and decays as the value of the IMF longitude 
0 passes through the limiting values, a feature quite typical ol 
the total set of these bow shock events 

There are other lower-intensity electron events seen in the 
figure, but many of these (lor example, near 14011) occur al 
times when either 0 or 0 are a! such a value us to preclude in 
(erseclion of the IMF line with the how shock The origin ot 
these fluxes remains unknown, although they may well he 
associated with local solar wind-lunar interactions However, 
the bow shock events are distinguished not only by their 
dependence upon the IMf direction but also hy their greater 
intensity. 

Flcclron spectra (or the lunger-duration bow shock events 
were computed from 30-min averages. Ihcse long averages 
were necessary to gain statistical significance in vi<-w ot the low 
counting rates involved Figure 2 shows the electron speeirum 
for the period 0315 0345 on May 25, 1971. corresponding to 
the second large event in I igure I In this spectrum and other 
spectra the data points and standard deviations were com- 
puted with the usual statistical techniques, tn order to deter- 
mine densities and temperatures a x‘ minimization algorithm 
culled C urfit [Bevinglun, 1969] was used to tit both Max 
welhitns and x functions |FhvhWmv, 1968) to the data points 
It was found that in must cases the x function, with its power 
law representation of a high-energy tail, resulted iri a heller fit 
(smaller y 1 ) than ilie Maxwellian function did i or example, 
for the data points ol Figure 2. a Maxwellian fit resulted in the 
parameters n 2.9 x 10 7 1.1 y 10" ' K. and x 05]. 

whereas a x function tit resulted in n 3.5 > in \ 7 2 5 - 

1(F “K, « - 3.3, and x J : 0 20. The dashed line on the figure- 
then represents the fitted x function spectrum The tilted 
spectra for the events studied gave densities m the range 2-4 ■ 
10 5 el cm 1 and temperatures (thermal energies 1 m the range 
1.7 x 10° to 2.8 x 10" D K (150-250 cV). 
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Discussion 

Siudder et at [1973] report a study o! solar wind electron 
temperatures with Ogo 5 wherein they separated the data set 
into two subsets based on whether or not the IMI lines 
through the observation point intersected the bow shock. They 
found a slight .endency for the electron temperature to be larger 
when the field lines intersected the bow shock, although the 
‘mistical reliability of the statement was greater than 50'.'; on 
only one out of five orbits .studied (see their Table I and figure 
3) They attributed these higher temperatures to a non- 
Muxwellian electron population with energies ol the order of 
,00 eV. It is therefore suggested that the bow shock associated 
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t ig 2. The electron energy spcctr.'i for the period 0115-0141 on 
May 15, 1971, corresponding to the second large tins enhancement in 
f igure I . The dashed line is a k function tit to the data points resulting 
in the parameters n - 1.5 x 10 T, 2.5 x 10* C K., and * 11 


electron (luxes reported herein are one and the same with the 
electron (luxes responsible for the temperature increases 
reported hy Siudder el ai. [1973], 

To emphasize this last po>nl, in f igure 3 we have plotted a 
superposition of a typical solar wind electron energy spectrum 
as reported by Montgomery el til. [1970] with n = 5,5 cm ' and 
T, 1.6 x 10' °K and the spectrum titled to the data oi l igure 
2. The bow shock electrons appear essentially as a small lugh- 
energy tail upon the main spectrum. This high-energy tail 
would result in a higher temperature from a moment calcula- 
tion, although ils (rue nature would be effectively masked. 
However, for this study tile moon acted to shield the instru- 
ment from the solar wind electrons and allowed an uneon- 
laminuled measure of the properties of these bow shock elec- 
trons. 

It can easily be shown that the effective temperature ol the 
sum of two distributions /,{(.) and./ 3 U), where n, » « 3 and Tj 
> T u can he approximated by T e! , : 7] + (/Js7V'«i). Perform- 
ing the calculation for the data shown above gives T f „ « 
1.62 X 1(1’ versus i\ 1.60 X 10". This small increase in ef- 
fective temperature is of the same order of magnitude .-s that 
reported by Siudder el at [1973] in their sludy. 

Bow shock observations by Fredricks el at. [1970] indicate 
that the shock may be classed as turbulent, that is, ion elec- 
trostatic waves play an important role in randomizing the in- 
coming ion stream into postshock conditions. Yet it must be 
kept in mind that the shock does not act as an impenetrable 
wail between the preshock plasma and the poslshock plasma. 
Rather, there is interpenetration of ions from each region into 
the other, and in the shock transition itself the ion distribution 
becomes bimodal. This can lead to growth o( wave modes 
that act in a self-consistent manner to convert the cool 
preshock ion distribution inlo the hot poslshock distribution. 
Thi* inccrnv’.ing of distribution functions was originally dis- 
cussed by Mott-Smith [195!] in connection with classical gas 
shocks, and a discussion applicable to eollisionlcss plasma 
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Fig. 3, A superposition ol t .y picul solar wind electron spectrum 
from Montgomery et at. [1970] und the electron spectrum of Figure 3 
This shows that these bow shock electrons result in u small increase in 
the effective solar wind electron temperature. The dashed line is the 
sum of the two spectra. 

shocks can be found in tile paper by Tidman and Krall [1971], 
The upstream component of the downstream ion distribution 
has been observed experimentally by Montgomery et al. [1970], 
By contrast the electron distribution does not become 
bimodit! in the shock transition, and hence the conditions arc 
not immediately available for electron electrostatic wave 
growth. It is an observational fact that solar wind electrons are 
quite different in character from magnetosheath electrons 
[e.g„ Montgomery et at,. 1970], and therefore there must exist 
a mechanism that prevents complete mixing of the preshock 
and postshock electron distributions, 

Montgomery and Joyce [1969] have developed a mode! of a 
laminar electrostatic shock that provides such a mechanism, in 
their model the ions on both sides of the shock were .it zero 
temperature (this assumption thus disposing of the need for an 
additional dissipation mechanism), whereas the postshock 
electrons were treated as a sum of free and trapped dis- 
tributions, An estimate of the potential drop across the shock 
can be obtained by using the measured electron spectrum 
(Figure 2) and a typical magneiosheath distribution 
[ Montgomery et at., 1970] and by assuming that the Licuviile 
theorem applies, From the electron spectrum of Figure 2, fdv 
= 0) = 3.9 X 10 " 3o cm 6 s s . This value occurs on the 
magnetoshcalh distribution al a velocity of 1.35 X lO'cm/s, 


corresponding to a total potential drop ol 501) V .leva use the 
measured density at X ., fit) H t may well he lower than that 
near the how shock, the value of 500 V is an upper limit. 

The above arguments have necessarily been ad hoc and by 
no means are offered as proof that such an electrostatic poten- 
tial barrier actually exists. The required electron distribution 
separation mechanism could well he provided by other wave- 
iclaled means. However, A vugvbuuvr (I970| reported a 
decrease in the solar wind ion (low energy without an increase 
in temperature just ahead of the how shock anti postulated that 
an electrostatic potential drop with a maximum value ol 2<>0 V 
was responsible. It may well he then that if a potential drop 
across the shock exists, it is not confined entirely to the shock 
transition layer but rather is distributed also upstream und 
downstream of the shock. 

Summary 

Low-energy electrons have been observed at lunar orbii 
upstream of the bow shock that displayed the following 
characteristics: (I) The electrons were controlled by the IMF 
direction, appearing only when the IMF line through the obser- 
vation point connected buck to the bow shock. (2) Densities 
were in the range 2-4 X It) s , and temperatures (mean 
energies) were in the range 1.7-2 S x 10” °K (150-250 cVj. 

The electrons were shown to h * able to account lor the small 
increases in solar wind electron temperatures on bow shock 
connected held lines observed by Scudder et at. [1973], If it is 
assumed that these electrons arc the high-energy tad ol the 
magnetoshcalh electron distribution leuking back upstream 
through an electrostatic potential barrier, then a total poten- 
tial drop of 500 V is estimated, Tins complements an earlier 
observation of A etigebauer [1970] indicating u 200-V drop in a 
layer immediately ahead of the bow shock. It is therefore 
suggested that an electrostatic potential drop that acts to pre- 
vent the majority of the downstream electron distribution 
from mixing with the upstream plasma deserves serious con- 
sideration in theories and models of the earth’s bow shock, 
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The Magnetosheath Electron Population at Lunar Distance: General Features 
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I he spatial extent and energy distribution tunciion nl the magnctoshc.ilh electron population at lunar 
distance have been analyzed tiv usi rig measurements Irom die Apollo 14 charged particle lunar environ 
mem experiment (C 1*1 t I ) The mugttctut.nl is shown lo tie approximately '2 R f in diameter. I he mean 
how shock surface has a cross section ul about hi R, T he user ape aberration apple measured is about .1 
The electron distribution function reveals two dislincl particle populations The tirst. at low energies (40 
eV * t - 200 eVj, is well characterized by a nearly isotropic Maxwellian distribution, with temperatures 
ul the range I S-2s cV Densities calculated Irom titled lunetions range Irom 4- x cm 1 at the bow shock to 
1-2 cm 1 near the tna(!nelopause I tic high energy pnilioii ot the speciruin (200 cV /. 2000 e\ I. 

however, is generally anisotropic and is generally denser and more energetic m the dawn magneto sheath 
than in the dusk magnetosheath Separate Maxwellian tits to the high-energy population yield densities 
near 0 02 <0 10) etn 1 and temperatures near 2(10 l2>0| eV tor the dusk l dawn l mamtetoshealh. It Is aigued 
that these particles originate at the bow shock rather than in the plasma sheet 


The general characteristics o! the magnetosheath electron 
population have been reported for the near-earth regions (e g.. 
Saidder ei a! , 107.1] and the polar cusps [Winninghani, 1972] 
The lunar distant magnetosheath ion population has been ex- 
tensively studied, both from lunar surface observations 
[Fenner, 1971, 1974] and from the Explorer 33 and 3S satellites 
[//mi r, 1971; Howe and Bmsack, 1972], 

The nugnetoshealh electron population a! lunar distance 
has been largely unexamined. Hme [197i] included election 
dat.i from laruduy cups on Explorer 33 and 35; generally, 
however, only one energy range was ahovo background 
current, allowing only limited spectral information, (ioiditein 
[1974] presented one lunation of electron density and 
temperature; however, his study was primarily concerned with 
photoelectron sheath properties. 

In the present study, four inbound (dusk) and three out- 
bound (dawn) magnetosheath passages were examined with 
the charged particle lunar environment experiment (( [’ITT:) 
Average boundary locations computed front the complete data 
set are consistent with the predictions of fluid dynamics. Elec- 
tron characteristics for the two least disturbed passages arc 
presented here in detail. Energy spectra show an unexpected 
high-energy tail superimposed on the expected low-energy 
magnetosheath distribution. The high-energy tail is most 
pronounced on the dawn side and appears to be generated at 
the bow shock. 

Experiment 

The CPI. EE instrument is a lunar-based ion-electron spec- 
trometer, measuring particle fluxes in the energy range 40 cV 
to 20 kcV A description of the instrument and deployment is 
given by Reasoner and O'Brien [1972], therefore only a lew 
pertinent features will be repeated here. The instrument con- 
tains two charged particle analyzers, one whose look direction 
is local vertical (analyzer A) and one whose look direction is 
60° to the west of local vertical (analyzer B) The look di rela- 
tions relative to magnetosheath geometry are shown in figure 
]. The flare of the magnetosheath boundaries is such that the 
analyzers maintain a nearly constant angle to the expected 
laminar magnetosheath [low direction (40 L and 100' for A and 
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H, respectively, in the dusk sheath; 5' and 55 ' in the dawn 
sheath). 

Biu NDxnv Locations; Criteria and Resects 

In order Lo establish ave age boundary locations lor the 
magnetosheath we need a consistent set ol criteria to dis- 
tinguish boundary crossings front random fluctuations in par- 
ticle fluxes and from interplanetary events. The criteria used 
hete for a how shock dossing from preshock to postshock 
conditions are the following: (1) The flux in the lovvest-energy 
channels should abruptly use, indicating ujump in density. (2) 
The tlux in the medium- to high-energy channels should tump 
by a factut Jaipur than that in the lowest-energy cltannels, in- 
dicating a coincident jump in mean thermal energy und not 
just a random increase in density. (3) Tor events satisfying ( 1 ) 
and (2) hut occurring more than 15° in longitude away from 
the mean bow shock location (//owe and Binsack, 1972], Imp ft 
interplanetary solar wind data were examined to rule out the 
possibility of interplanetary shocks. 

f igure 3 illustrates several how shock crossings selected ac- 
cording lo these criteria. The top trace presents differential flux 
for the lowest energy channel (center energy 40 eV ) versus 
time. The lower trace is a similar plot lor a medium-energy 
channel (94 eV) fhe arrowheads point to shock crossing times 
at about 1 62k, 1703. 1710. 1725, Ik35, and 1842 I T. April 5, 
1 91 1 . The bars beneath indicate sheath periods, the remainder 
of the time the moon was in the solar wind The data arc un- 
averaged: i e . each data point is one CPLEL cycle (19 sj The 
figure therefore indicates both the sharpness of the transitions 
(of the order of one cycle) and the magnitude of typical fluc- 
tuations in the magnetosheath, Differential flux spectra from 
just before and just after the 1703 crossing arc shown in 
f igures $a and 5 b and discussed in a following section. 

When the moon crosses the magnetopause from the 
magnetosheath. it can enter either the high-latitude tail, the 
plasma sheet, or the boundary layer, These regions differ widely 
in their particle populations. However, in both the tugh- 
lutitude tail „nd the plasma sheet the fluxes at low energies 
(40-100 eVi are dominated by lunar surface photoeleclrnns 
\Burkv and Reasoner. 1972. Rich el ui., 1973]. The boundary 
layer, discussed by Akasofu el at. [1973] near tlie earth and by 
Fenner [1974], Hardy el al [1974], and Moore vt at. 11974] at 
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the look directions of the two analyzers, The axis of symmetry of the 
figure is the 'solar wind’ X axis, rotated 4° from the earth-sun line, 

lunar distance, is readily distinguished by CPLEE proton data 
or by Explorer 35 magnetic field data. Therefore the criterion 
for magnetopause crossings is either a transition at low 
energies to the photoelectron spectrum reported by Reasoner 
and Burke [1972] or a transition to boundary layer conditions. 

Within the standard deviations of the measurements the 
average boundary locations observed by CPLEE are in good 
agreement with the observations of Howe and Binsack [1972], 
Table 1 shows a monthly listing of the number of crossings 
observed and median crossing longitude in solar ecliptic coor- 
dinates. Although portions of five lunar orbits are included in 
the table, only the entries without an asterisk or a dagger are 
included in the averages. The entry with an asterisk indicates 
the instrument turned on past the mean boundary, and 
the entries with a dagger refer to periods in which the in- 
strument was in standby mode during all or part of the time in 



Fig. 2. Unaveraged differentia! flux versus time for the channels of 
analyzer A with peak sensitivity at 40 eV (38-43 cV) and 94 eV (86-1 10 
cV), Several bow shock crossings are shown, indicated by the 
arrowheads. 


which boundary crossings were expected. The remaining 
crossings were used to compute the means and standard 
deviations shown in the table, The longitude of symmetry of 
the mean bow shock surface is 1 76.3° ± 3,2°. The longitude of 
symmetry of the mean magnetopause is 177.0° ± 3.7°. Within 
the standard deviations, therefore, the symmetry axes are coin- 
cident and are consistent with an average solar wind aberra- 
tion angle a 1 3-4°. The average longitudes imply a magnetotail 
diameter of 52 and a bow shock cross section of 91 2? £ . 

Magnetosheath Electron Plasma Parameters 

We now turn to an examination of the plasma 
characteristics of the magnetosheath electron population. In 
this section are presented overviews of a complete dusk (in- 
bound) and dawn (outbound) sheath passage. In the following 
section we show differential flux spectra from selected times in 
the two passages and discuss the distribution function in 
detail. The April 1971 dusk passage and the February 1971 
dawn passage were chosen because of the steadiness of the 
solar wind both in density and in velocity and because of the 
lack of extreme geomagnetic activity, as evidenced by low Kp. 

Figures 3 and 4 present numerically integrated pressure and 
density Tor the dusk and dawn sheath passages, respectively. 
The top trace in each figure is computed aveiage energy per 
particle, i.e., the energy density moment divided by the density 
moment of the observed distribution function. The middle and 


TABLE 1. Boundary Crossing Longitudes {SE) 


Month, 

1971 

- usk Bow Shock 

Dusk Magnetopause 

Dawn Magnetopause 

Dawn Bow Shock 

Number 

of 

Crossings 

MCL 

(a = 127.2, 
a = 3.9), 
deg 

Number 

of 

Crossings 

MCL 

(a ° 151.4, 
a *= 4.4), 
deg 

Number 

or 

Crossings 

MCL 

(a = 202.5, 
a = 3,0), 
deg 

Number 

ol 

Crossings 

MCL 
= 225.3, 

a 2.6), 
deg 

Feb. 

3* 

142.95 

11 

153.18 

9 


5 

223.75 

March 

17 

122.44 

21 

154.33 

15 

201,58 

9 

226.79 

April 

15 

126.21 

27 

152.17 

t 


t 


May 

11 

130.99 

II 

150.25 

17 

202,85 

II 

225 45 

June 

17 

13 '.22 

It 

150.17 






MCL stands for median crossing longitude. 

* Not included in averages because CPLEE turned on past mean boundary, 
t Not included in averages because CPLEE was in standby mode during all or part of 
boundary crossing. 
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lower traces indicate the pressure ana density, respectively All 
parameters are calculated over the energy range 40-2000 eV. 
Isotropy is ussutned and the How velocity neglected. Since the 
peak of the distribution function generally lies at nr just below 
the lower energy limit of (.'I'l.F.E, it is typical that the 
numerically integrated density is significantly smaller than the 
actual density. This effect is most pronounced in regions where 
the plasma is cool, e.g.. the solar wind. Comparison with den- 
sities calculated from fitted distribution functions indicates an 
error of 30-80'T in the solar wind and <30% in the 
magnetosheath. 

Figure 3 begins in the solar wind, with numerically in- 
tegrated densities near I cm “and pressures near !5eV cm 
implying average energies near 22 eV. Correcting the density 
upward by 50% implies average energies closer to 15 eV, 
Several bow shock crossings are seen from about 1600 UT. 
April 5, to 0000 UT, April 6. These crossings are readily iden- 
tifiable by the jump of about a factor of 3 in numerically in- 
tegrated density and a jump of about 4 in pressure. In the near- 
shock magnclosheath region the density is fairly stable at 5-6 
cm ’. The pressure ranges from 80 to 100 eV cm J . The 
average energy is stable at 27-30 eV. As the moon progresses 
through the sheath, variations in density and pressure are seen 
with various magnitudes and time constants, but in general the 
trend is to lower and lower densities. The average energy, 
however, is remarkably constant. 

The large-magnitude density variations from 0900 to 1900, 
April 6, are not bow shock crossings, judging from the gradual 
nature of the transitions and the constancy of the average 
energy. Instead they are probably due to large-scale 
longitudinal motion of the magnetosheath. The density 
minimum at 1040 is, for example, comparable to the density 
observed 14 hours later, around 0300, April 7. The period of 
roughly 90 min implies a minimum flapping velocity of 5 
km/s, which jS certainly not excessive for tail motion [Bowling 
and Wolf. 1974], 

Near the magnetopause the density has fallen to nearly Us 
solar wind value (around 0.8 cm ’): however, the mean energy 
is still well above its solar wind value, after the latter has been 
corrected by 50%, Several magnetopause crossings are shown 
in Figure 3 from about 2100, April 7, to 0000, April 8. and 
again at the end of the graph The low density and low 
pressure indicate entry into the high-latitude tail. 

Figure 4 is a similar trace for a dawn magnclosheath cross- 
ing, and similar effects are apparent. The moon begins in ihe 



Fig 3- Numerically integrated 6-min averages of average energy 
per particle, pressure, and density for a dusk magnclosheath passage. 
The A analyzer was used, and isotropy was assumed 



TIME (hr UT) 

Fig. 3. Same as f igure 3. hul data are for a dawn magnetoshcath 
passage. 

high-latitude tail and undergoes several brief transitions 
among the plasma sheet, boundary layer, and high-latitude tail 
before crossing the magnetopause at 0730. February 12, 1971 . 
As was observed in the dusk sheath, the density is a minimum 
(near I cm ’) at the magnetopause and rises to a maximum at 
the bow shock. Several bow shock crossings are seen at about 
0200, 0500, and 1100, February 14. These crossings arc most 
easily seen as a decrease in the average energy per particle (the 
density jump is somewhat obscured by u temporal increase in 
the incident solar wind density). Two differences are notable 
from the dusk passage: first, the average energy per particle is 
more variable in the dawn sheath than in the dusk sheath, and 
second, the average energy per particle is greater on the dawn 
side. Both of these elfccts can be shown to be due to the ex- 
tremely hot and variable high-energy tail that is observed in 
the dawn sheath. 

MAdNETDSHEATH ELECTRON SPECTRAL CHARACTERISTICS 

We present several differential flux spectra in order to study 
the electron distribution function for the various regions in 
detail. Figure 5a shows a spectrum in the dusk magnetosheath 
just past a bow shock crossing. We note the appearance ol 
enhanced fluxes above 200 eV, well above the near-back 
ground values for these higher-energy channels in the solar 
wind (cf. Figure 5h). As will he seen later, this high-energy 
excess is a persistent feature of the magnetosheath elec- 
tron distribution function, although it varies both in absolute 
magnitude and in relative contribution to the energy density of 
the entire population. Since the strength of this high-energy 
tad prohibits a valid Maxwellian fit to the entire spectrum, we 
choose to quantify die distribution function by dividing the 
spectrum into two segments: 40-206 eV (which we shall call 
‘low-energy’), and 200-2000 eV (‘high-cncrgv’). This splitting 
procedure is successful in the dusk sheath and indeed 
necessary in the dawn sheath, where the high-energy tail oltcn 
has a different anisotropy ratio than the low-energy portion or 
else is loo strong to allow more conventional functional han- 
dling, as, for example, with the k function [FasWiuncM. 1968; 
t'ormisano el at., 1973], Therefore wc shall attempt a separate 
Maxwellian distribution function fit for the high-energy por- 
tion whenever possible, i.c , if at least the first four high-energy 
channels arc well above background levels. 

For these data (figure 5a), all four distribution function fits 
converged (with reduced * square less than 0.8), yielding low- 
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Fig. 5a. Differential flux spectra from the dusk magneiosheuth just 
ufter a bow shock crossing. The A analyzer data are indicated by 
circles and the Q analyzer data by crosses The solid lines indicate the 
(lux calculated from the best-fit Maxwellian distribution functions. 
The density calculated from the Maxweilian distribution function lit 
is indicated by n (in units of electrons per cubic centimeter), and the 
temperature is indicated by kT (in units of electron volts). 


energy densities of 4.1 (5.1) cm 3 and temperatures of 35 (22) 
cV for the A ( B) analyzer. The high-energy portion converged 
to densities of 0.08 (0.1 1) cm"' and temperatures of 203 ( 1 52) 
eV for the A (B) analyzer. Wc notice that in this case, the 
higher-energy electrons contribute about 14% of the observed 
energy density. 

A typical mid-magneiosheath spectrum from the dusk side 
is shown in Figure 6. The low-energy population is quite 
isotropic with a density oT 3.8 cm -3 and a temperature of 20 
eV. The high-energy portion has a density of 0.018 cm 3 for 
the A analyzer and 0.012 enr 3 for the B analyzer, both with 
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Fig. 56. Differential flux spectra from the solur wind just prior to i 
bow shock crossing, 



Fig. 6. Typical differential flux spectra from midway through the 
dusk magneiosheuth 


temperatures near 205 eV. Here the high-energy electrons con- 
tribute 5% (3%) of the energy density for the A (B) analyzer. 
The average energy per particle remains at 30 cV. 

A spectrum from near the magnetopause (not shown here) 
reveals a low-energy portion much decreased in density (to 
around I cm -5 ) and temperature (to 16 eV). However, the 
high-energy portion has remained at nearly the same level 
(density of around 0.02 cm 1 and temperature near 200 eV), 
thus increasing its proportional contribution to the energy 
density to nearly 20% and maintaining the average energy per 
particle at near 30 cV. 

Through the dusk sheath wc have observed the contribution 
of the high-energy portion to the total energy density to vary 
from as little as 1% to as much as 25%. Yet the average energy 
per particle has remained in the range 27-30 eV, Thus we are 
led to a remarkable conclusion: the high-energy and low- 
energy portions of the spectrum grow at the expense of one 
another. This effect is especially apparent during periods of in- 
tense geomagnetic activity, when the high-energy tail all but 
disappears, leaving an unusually hot low-energy spectrum. 

The next series of spectra are from selected periods in the 
dawn magnetosheath passage. Figure 7 is taken from just out- 
side the dawn magnetopause. As was observed in the dusk 
side, we see a low-density, cool low-energy spectrum; however, 
the high-energy portion is extremely dense (0.35 cm' 5 for the 
A analyzer and 0,04 cm -5 for the B analyzer) and more 
energetic than the dusk side. Here the high-energy portion 
contributes 78% of the energy density observed by the A 
analyzer and 26% for the B analyzer. 

A typical spectrum from midway through the dawn sheath is 
shown in Figure 8. We see that in comparison with f igure 7 
the low-energy portion has become denser and warmer (2.4 
versus 1.5 cm -3 and 22 versus 18 eV), whereas the high-energy 
portion has become less intense (but not significantly cooler) 
Thus the average energy per particle, although it is not nearly 
so stable as that in the dusk sheath, remains the most stable of 
the observed parameters. 

A spectrum from near the dawn bow shock is shown in 
Ftgure 9, The low-energy flux in B is greater than the flux tn A, 
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since the look direction ol analyzer II is closer to the expected 
mapnetosheath flow direction, The high-energy portion, 
however, has the opposite sense the flux in A is greater than 
the flux in B. Thus, overall, the pressure bitference between the 
A anil the B analyzers is only 1 IS, compared with the 44' : mi- 
plietl by the low-energy portion alone. 

SUMMARY 01 RtiSL'I.TS 

The mapnetosheath is highly time variable both in its hound 
ary locations and in ihe shape at mplitude of us particle 
distribution function, At lunar distance the boundaries can 
flap w ith amplitudes or greater than 10° in longitude [Burke et 
at. 1973], The mean boundaries, however, follow ap- 
proximately the locations one would expect on the basis of ex- 
trapolations from observations at distances nearer the earth. 
The axes of symmetry of both boundaries are aligned with the 
aberrated solar wind flow direction. 

The overviews present a magnetosheath that is well orga- 
nized at lunar distance. Although magnetosheath model cal- 
culations [eg., Spreitcr and Alksne. 1969] did not extend 
back to lunar distance, one expects monutonically decreasing 
density from bow shock to mugnctopausc. Our data are con- 
sistent with this expectation and in agreement with proton 
observations at lunar distance [Fenner, 1974; Hone. 197!]. The 
unexpected result is the remarkable constancy of the average 
energy per particle, whereas monotonic cooling from bow 
shock to magnelopuuse is predicted from theory. 

The individual magnetoshcalh spectra reveal a highly 
variable two-component plasma. The two components arc dis- 
tinct but not completely independent; i.e„ changes in one part 
of the spectrum are at least partially compensated by changes 
in the other part of the spectrum. The high-energy portion is in 
general denser and more energetic in the dawn sheath than in 
the dusk sheath. The average energy per particle is more stable 
in the dusk sheath than in the dawn sheath, but in both cases it 
is more stable than either the density or the pressure. 

Discussion 

The electron distribution function in the mapnetosheuth js 
non-Maxwellian, as is well established at locations fur closer to 
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Dawn rnagnetosheath differentia! flux spectra, measured just 
outside the magnetopause 
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lip. X typical [inferential !lu* spectra from midway through the 
dawn magnetosheath 

the earth. However, this is the first observation of a 
magnetosheath electron population similar to that of the 
neighboring plasma sheet. We argue that the high-energy 
magnetosheath electron population originates at the bow 
shock rather than from the plasma sheet for the follow mg 
reasons: 

hirst, the density of these particles that we observe in the 
dawn magnelosheath is comparable to and often substantially 
greater (up to I cm ’) than the density observed in the plasma 
sheet, which generally ranges from 0.05-0.20 cm ’ el al . 
1973], 

Second, the high-energy density is larger near the bow 
shock than throughout the rest of the sheath passage. 

Third, the virtual appearance and disappearance of these 
particles at the how shock suggest bow shock energization and 
containment \ contributing factor in the process may be a 
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fig V. Differential flux spectra from the dawn magnetoshcalh adja- 
cent to the how shock- 


fig 1 
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potential ddle-rencc across the bow shock A ji.ut-Titj.il roe 
across the him shock, on the assumption th.it there is no 
magnetic field tor magnetic held parallel in the slim.k norm, I). 
would compress ansi slow "-coming protons ami would 
.iteeler.ile incoming electrons A model 1 st an cleetrosiatie 
shock with postshock trapped electrons is discussed by 
Montgomery amt Jour ll'JhV] lor a magnetic tielsl perpen- 
dicular to the shock normal, however, electrons would E x B 
drift into a region of higher B and he hclulron heated As the 
■garden hose' interplanetary magnetic tield direction is more 
often parallel to the shock normal at the dawn ln>w shock sur- 
face than at the dusk, the ‘runaway’ condition would he met 
more often there, a possible explanation tor the stronger high- 
energy tail in the dawn magnetoshealli. 

fourth, the energy densities of the low-energ> and high- 
energy portions ot the magnetosheath electron population are 
not independent; rather they (weakly) anneorreJate litis 
suggests a given amount of energy distributed between two 
populations rather than two independent populations super- 
posed on one another 
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The effect of local magnetic fields on 
the lunar pholneleclron layer while 
the moon is in the plasma sheet 

Wh.uam J. Burke , 1,1 Patricia H. Ritie,' and Damp I. Reasonin' 
'Department of Space Phyvies urul Asliotiamy. Rice Univeivity, Hoiiilim, Tlaj-. 77lui| 

’Earth Observations Di vision, NASA John son Space C'enti-i , Houston, Te \;i- 771PS 

A heir ad -Data from the Ch.irgal Pailiclc I .un.it fiimiuMim-iit EAperinieiit a! she Apulia 11 site. arc- 
used to ill vest (gnlt' the inlet active piopett.es of the plasma sheet amt the lunar ph.it eel. , to in layer . It 
is shown that the predictions of the Guernsey f’u mode! are cottipatiMe with SUM. hut not C't’l 1 l\ 
observations. The apparent cuntradiclion is resolved by fitting the (eminent iii.ipneiic field to that of a 
dipole buried Id km beneath the surface 111 this case a eh.irpe separalimi l.iyei must for in above the 
instrument due to the ditfeicut rigidities of plasma sheet electrons and protons The qualitative 
properties of the charge separation layer needed to reconcile CPI TI-. and SI III. ohsenatinns are 
presented. 


In I KOIJUt I ION 

For i hi; pas r kh.k years chaigod particle lluxes in the immediate vie inity of the 
moon have been monitor cd by the lunar based Supcithermal Ion Detector 
Experiment (SIDE), the Solar Wind Speclrninelct (SWS), and the Charged 
Particle Lunar Environment Experiment ((’PI I I ) Each instrument has unirjuc 
detection capabilities. It is only by comparing information slowly gained from the 
various instruments that it coherent picture of pat tide interactions with the moon 
can he constructed In the q nest for synthesis, we undertake an examination of the 
interactions of the plasma sheet and the lunar photoelect'on layer. The Apollo I I 
based CREEK is onr principal smnee of data. Yet, its it emetges ftum our analysis, 
without infot illation gained by SIDE ami the SWS the whole stoty cannot In- told 
In fact, CREEK data alone leads us into an umcsolvnhtc pal ados 

Reasonet and Burke ( 1*772) have re pot ted on hum photoelectrons obsc? \ cvl by 
CRl El. in the high latitude lobes of the gcontagnelic tail The photo -lev lion 
spectrum was shown to he isotropic and has a power law dish ihution in tin- citetgv 
range 40 200 eV. The powet law distribution was found by (iohlstein (1*77-1), Using 
SWS data, to continue down to S cV. I.aboiatory studies of pholoelc chons 
emitted from lutuu fines suggest that the speclttttn has a maximum between I ami 
(I'euerbacher W til., 1*772). With this base information we should In able to 
• ulate the potential dixtiihulion under a wide variety of external plasma 
Conditions 

Local magnetic fields, observed by the Lunar Roit.ible Magnclomelci (I I’M) 
arid Lim.it Surface Maguetometei (l.SM) at the Apollo !?, 14, and 1 s sites, have 
been tepotted by Dyal ft al (1*7/0, RJ7I, 1*772). I.SM nien-.titements at the Apollo 
12 sile show a Im al field of IS y ditec ted tow ,n d the stti fav e am! the southeast. I n 
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Ihe plane tangent In the suifacc the field gradient is 0.4 gamma/m. Two 
measurements separated by 1.1 km at the Apollo M site show local remnant fields 
of 103 y directed toward the surface and the southeast, and 43 y diiccUd toward 
the surface and the southwest. A very weak field of 6 -y, directed toward the 
vertical and south southeast, was observed at the Apollo 15 site. 

In the following section we consider CPLEE plasma sheet data in comparison 
with the potential minimum model proposed by Guernsey and Fu (1970). Although 
the predictions of this model are in accord with recently reported SIDE plasma 
sheet observations (Freeman and Ibrahim, 1974) made at the Apollo 14 and 15 
sites they cannot explain CPLF.E observations. An appeal to currents generated 
by secondary electrons is then shown incapable of resolving the paradox. The 
effects of local magnetic fields on particle trajectories are then investigated. It is 
found that due to the differential stopping power of the magnetic field with respect 
to incident protons and electrons a charge separation layer must exist above the 
Apollo 14 site similar to that deduced from comparisons of Apollo 12 SWS data 
with satellite (Neugebaucr et al., 1972) and Apollo 15 SWS observations (Golds- 
tein, 1974). The properties of the chaige separation layer arc investigated and are 
shown to be capable of resolving the SIDE CPLFE paradox. 

A Lunar Suhiaci-: Potlntial Calculation 

A complete description of the CPI. EE instrument has been given by Burke 
and Reasoner (1972). Briefly, CPLEE contains two identical sets of electrostatic 
analyzers, A and B, capable of measuring a 15 point spectrum of electron and 
proton fluxes with energies between 40 eV and 20 keV every 19.2 see. Analyzer A 
looks toward local vertical and analyzer B looks in a direction 60° from vertical 
toward lunar west, The instrument was deployed on February 5, 1971, Analyzer B 
failed on April 8, 1971, while analyzer A collected data until the centra! station 
failure in March, 1975. 

A quiet time plasma sheet spectrum, hserved by CPLEE’s analyzer A, has 
been reported by Rich et al. (1973), and is reproduced as Fig. 1. During 
magnetically quiet times paitiele densities are observed to be approximately 
0.1 cm" \ The eleclron and proton temperatures are ~200cV and 2.5 kcV, 
respectively. Proton fluxes are found to be the same in analyzers A and B. With 
notablrf exceptions the plasma sheet electron fluxes are greater in analyzer A and 
B. Because strong electron anisotropies are unstable. Rich et al. (1973) maintained 
that at lunar distance plasma sheet fluxes arc isotropic. 

The fluxes of electrons with energies ,^80eV, in Fig. 1, are of plasma sheet 
origin while those with energies less than — 80 eV are photoelectrons generated at 
the lunar surface. Generally while in the plasma sheet, the photoelcctron counting 
rates are elevated by ^ 50% relative to their high latitude tail values, The 
disappearance of photoelectrons has been observed in the presence of intense 
plasma sheet fluxes accompanying the magnetic storms of April 9, 1971 (Reasoner 
and Burke, 1972) and January 19, 1973 (Moore et ai, 1974). The simplest 
interpretation of the quiet and magnetically disturbed observations is: Analyzer A 
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Fig. ], Spectrum observed by CTU.hF's analyzer A while in the plasma sheet Muses of 
electrons with energies c8fleV are Pom pholoclcclrons while those with energies 
<2> 8.1 cV are of f'hisxn.L sheet migin. 


is looking at downwdling fin xt;s of photoelectums w his. ti must be trapped >g 
quid times by a surface potential of 80 volts Dm ing disturbed times the intense 
fluxes of plasma sheet electrons drives the surface potential below 40 volts 
allowing photoclectrons with energies observable by CPI. lilt to escape. In order 
to test this interpretation we have calculated the electrostatic potential distribu- 
tion near the surface of the moon using the Guernsey ami hit (l‘J7tl) potenti.il 
minimum model The plasma sheet ami photoelectrou distributions are taken from 
CP LEE and SWS observations. 

For tiie sake of simplicity in our calculations of the near lunai surface potential 
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distribution, vve assume that: 

0 ) The sunlit hemisphere may he approximated by a flat photm mitting plate. 
Thus, the potential is only a fun r t on of height above the surface, 

(2) In the plasma sheet the moon is embedded in a magnetic field with straight 
line geometry, alig 1 perpendicular to the surface. 

(3) All plasma sheet p, nodes striking the lunar surface are absorbed. 

(4) There is a continuous supply of plasma sheet electrons and protons. 

The fourth assumption conforms to CPI. EE’s observation of plasma sheet 
particles for periods in excess of an hour. 

The Guernscy-Fu model assumes that the surface potential of the sunlit 
hemisphere tj> 0 > 0. Above the surface the potential falls to a minimum value 
dsn^Q. If 4>, n “0, the potential remains zero as x »■*. If (/>,„ *■' 0 the potential 
returns to zero as x approaches «. (Here x represents height above the surface.) 
The boundary conditions which the calculation must satisfy are 

(1) Hquai densities of electrons and protons at x «. 

(2) The current density is zero throughout the entire system. 

(3) The electric field vanishes at x 


At x the electron population consists of plasma sheet electrons injected into 
the tube of flux and those reflected by the potential minimum barrier, plus 
photoelectrons that have escaped the moon, The proton population consists of 
injected and reflected plasma sheet particles. Poisson’s equation and the flux 
balance equation are needed to calculate the potential distribution. The solutions 
depend only on the distributions of the plasma sheet particles injected at x ■« and 
of the photoelectrons emitted at x 0. In conformity with (’PI .EE observations 
we represent the injected electrons and protons with Maxwellian distributions 
that are isotropic over the down moving hemisphere 
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where n» (^) — 0.1 cm to, and qj, are the thermal velocities associated with 

electron and proton temperatures of 200 cV and 2.5 kcV, respectively 0 is the 
angle between the particle's velocity and the positive x axis. The power law 
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spectrum observed in the SWS amt (.TIFF photoelectron data suggests that the 
distribution of upwelling photoelei Irons at the surface can be represented by a 
kappa function (Vasyliunus, 1%8) 
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where w, is the most probable thermal velocity ami k is the spectral slope at high 
energies. The energy spectrum derived from this distribution with «„(0) 2ty, 
imw,’ -0.8cV and k - 3 is shown in Fig. 2. A comparison with laboratory and in 
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Fiji. 2. Composite photueliritiuri spectrum UMrij; kappa function fit 
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situ observations shows that for particles with encigies greater than 10 eV the tit 
is excellent. Although the fit below 10 eV is rather poor, for surface potentials 
greater than 10 volts, the lower energy particles ilo not contribute to the current 
batance calculations. In this ease the distribution til Fq, (3) can be used with only a 
small error. 

These distributions have been used to solve the flux balance and Poisson 
equations by numerical analysis, The results shown in Fig. 3 plot the potential 
minimum as a function of the surface potential. The simultaneous solution of the 
two equations occurs at <£ 0 - 7.9 volts and <£,„ 3.6 volts. Thus phntodeclrons 

with iMV’ji >11.5 volts escape the moon. On the basis of this calculation, wc 
argue that the spectrum of downwclling electrons should be similar to that 
sketched in Fig. 4 rather than tnat observed in F'ig. 1. 

The most obvious escape from this dilemma is to argue that we have ignored 
the effects of secondary electrons produced by plasma sheet particles striking the 
lunar surface, CPL.F.H data show that photoelectrons must overcome a barrier of 
~8Q volts in order to escape the lunar surface. Thus only secondary electrons 
with energies in excess of 80 eV may conti ihutc to the return current. Laboratory 
studies of secondary electrons from lunar fines generated by primary electrons 
with plasma sheet energies have maximum energies <50eV {Anderegg el al., 
1972). Protons with energies of a few kilo election volts, when bombarding certain 



Fig, 3 Solutions of the (lux balance and Poisson equations for the Guernsey Fu model. 
Plasma and pholoelcclron parameters were taken from CP1..FF. and SWS observations. 
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Fig. 4 . Sketch of electron ipcctrun predicted hy O umiv-y. To model for the moon in 

trie phvim.i '■heel 


dielectric and conducting surfaces, are efficient producers of secondary electrons 
with energies in excess of lOOeV (Carter and Colligon, 1 968). Unfortunately, the 
spectrum of secondary electrons from lunar fines due to ion bombardment has 
never been investigated. Our calculations show that plasma sheet protons would 
have to produce 0.78 secondary electrons with energies greater than 80 eV pet 
incident proton in order to bring CHI. Eh obsei vations in line with the predictions 
of the potential minimum model. Such an efficiency is deemed unlikely 

Recently Freeman and Ibrahim (1974) have reported ohsetving surface 
potentials near 10 volts with S! L)E detectors at the Apollo 14 and 15 sites while the 
moon was in the plasma sheet. The SIDE method of measuring surface potentials 
is described by Freeman et a! (1973). In summary form: Ions are created by the 
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photoionization of thermal neutrals in the lunar atmosphere. When the SIDE 
stepping plate is set at negative voltages relative to ground, these ions are 
accelerated into the detector where they are observed as a resonance if there is an 
energy channel near - + <t> n), is the stepping plate potential and </>„ the 

surface potential. While it was gratifying to see that the potential minimum model 
calculations were compatible with SIDE data, these observations tended to 
underscore the mysterious nature of the CPLEE observations. 


Em i cts of the Local Magnetic Field 

To this point in our calculation, the effects of local magnetic fields have been 
ignored. This approximation is valid if the gyroradii of the electrons in question 
are large in comparison with the local magnetic field scale size. The average value 
of the magnetic field measured at two Apollo 14 sites was — 75 y with a scale 
length of — 0.8 km (Dyal et at., is>72). Thus electrons with E^ 320 cV are 
sufficiently perturbed by this field to make its neglect unwarranted in the analysis 
of CPLEE data. 

In order to approximate the magnetic field in the vicinity of the ALSEP site we 
assume that the two vector magnetic field measurements resulted from a dipole 
beneath the lunar surface. The dipole needed to fit the measured fields must be of 
strength 8,0 x 10 s gauss-m\ oriented vertically down at a depth of —1.1km 
beneath the intersection of the horizontal field components measured at Sites A 
and C. The geometry of the situation is sketched in Fig. 5. Under the dipole 
assumption the field strength of CPLEE is - 75 y with an orientation shown in 
Fig 5. 



Fig, 5. Remnant magnetic Pelds in the vicinity of the Apollo 14 site, Tne horizontal 
components, of the fields measuied ot sites A and C’ are used to locate the dipole. Under 
the dipole assumption a field of 75 y was calculated near C PI. EE. 
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The meridiana! plane trajectories (Stormcr, 1955} of electrons reaching 
CPLEE’s analyzer A were computed (Reiff, 1975}. These calculations show that: 
(l) all electrons reaching the detector approached it front weaker regions of dipole 
field; (2) with some external field orientations and a surface potential of 10 volts, 
the flux of photoelectrons with energies near 40 cV could he explained in terms of 
magnetic mirroring. This mechanism cannot explain observed fluxes of downweli- 
ing photoelectrons in the 50- and 70-eV channels. 

The effects of the local magnetic field at the Apollo 12 site on solar-wind ami 
magnetosheath particles reaching the lunar surface have been investigated by 
Neugebauer et al. (1972) and Goldstein (1974). Neugehauet et al. (1972} have 
shown that differences between 0GO.1 and the Apollo 12 SWS solar-wind proton 
observations can be explained only if the existence of a charge separation layer 
above the surface is postulated. Further evidence for the existence of such a layer 
was found in SWS magnetosheath electron fluxes. Comparing Apollo 12 with 
Apollo 15 SWS data Goldstein forrnd that Apollo 12 electrons had been acceler- 
ated by as much as 170 volts. A somewhat qualitative description of the formation 
of the charge separation layer, due to the different penetiation distances of 
protons and electrons, has been put forth by Siscoe and Goldstein (1973). 

By postulating the existence of a charge separation layer in the magnetic field 
above the Apollo 14 site, the mysterious qualities of CPFF.F become intelligible. 
The geometric features of the layer are similar to Siscoe and Goldstein’s mode 1 
with particles hitting the surface. A major difference is that the external plasma is 
isotropic rather than highly directed. 

The scale length of the Apollo 14 field is small. In lire dipole approximation, 
local magnetic field above CPLFH falls to 10 y, about twice the ambient plasma 
sheet magnetic field, at a height of - 1 km. From this height down the guiding 
center approximation is no longer valid for all protons anti most electrons. 
Essentially al! protons reach the surface, whereas low-energy electrons are 
reflected by the magnetic field. An estimate of the charge separation potential can 
be gained by making the assumption that a certain fraction of the incident 
electrons aie turned around at a height h above CPI F.F, In the zero-order 
approximation (Reiff, 1975) we assume a surplus positive charge density p that is 
constant from x 0 to X = fr. The solution to Poisson’s equation 

4>(x) flu + flijr-' 11 x 1 (()• .t*'Ji) 

£u 

is subject to the boundary condition of no external electric fields (i.c. x, = 0} and 
4(h) 0. Thus 

<t>(x) - 

where <f> t , - ph’/fn is the total potential difference due to the chaige separation. 
For a charge separation potential - 50 volts beginning at a height of 1 km the 
proton charge density must exceed that of the electrons by 2 . K% . This is 
approximately the density difference one would expect from flux nalance at h. 
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With an ambient plasma sheet density of - .1 cm however, such a perturbation 
could not be detected by CPLEE A sketch of the potential distribution as a 
function of height with /r r 1 km is shown in Fig. 6a. Because the photoelectron 
potential extends for only a few meters above the surface it appears as a spike on 
top of the charge separation potential. 

Wc now turn our attention to the SIDE resonance phenomena. Based on 
shielding lengths calculated for the high-latitude tail photoelectron layer, wc 
estimate the SIDE shielding distance to be of the order several meters to several 
tens of meters. The potential distribution above SIDE at the Apollo 14 site is 
sketched in Fig. 6b, for a zero ground step (dashed) and negative step (solid). The 
effects of the photoelectric surface potential are felt out to a height of ~ 10 m. 
Above this height the potential is approximately constant out to a height of - 2Q% 
of the height of the charge separation layer. Ions created in the plateau region of 
the potential can be detected by SIDE. Photoelectrons with surface energies less 
than the total potential, </>,* + <f> t . are reflected to the surface; those wilh greater 
energies escape. 

The actual strength of the potential difference across the separation layer can 
be estimated from CPLEE observations. For favorable external magnetic field 
conditions the potential barrier is observed to be about 50 70 volts. A potential 
barrier in excess of 100 volts was observed during a substorm. These potential 
differences are smaller than those observed by Goldstein at the Apollo 12 site, We 
attribute the difference to the smaller magnetic field scale length near Apollo 14. 

One final consequence of this model is an explanation of the observed 
elevation of photoelectron potential observed by CPLEE in the plasma sheet. The 
Stormcr trajectory analysis revealed that all photoelectrons reaching our analyz- 
ers came from weaker regions of the magnetic field. In weaker regions of the 
magnetic field the flux of plasma sheet electrons reaching the surface should be 
greater than near CPLEE. Thus, the surface potential in the regions where the 
photoelectrons originate should be lower. A comparison of the distribution 
functions observed in the high-latitude tail and t’-e plasma sheet, in conjunction 
with the Liouville theorem, can be used to calculate the potential difference 
between CPLEE and the point of origin. The potential difference is 4 volts. 
Unfortunately it is not until after wc have calculated the sclf-consistcnt charge 
separation layer that we can know the photoelectron’s point of origin. Based on 
field scale length considerations we would expect it to be of the order of a few 
hundred meters from CPLEE. 

Summary and Conclusions 

In this paper we have Died to bring some degree of unity to reported 
observations of SIDE, SWS. and CPLEE. Data from SWS have been used, in 
conjunction with laboratory observations, to estimate the distribution function of 
the photoelectrons emitted b; the lunar surface. The potential distribution near 
the surface of the moon was calculated with the help of this distribution function. 
This calculation is found to be in substantia! agreement with plasma sheet 
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Fig. 6a. Potential distribution near the lunar surface. The potential drop ne.ir the surface 
is that necessary to satisfy ?.cro net current into the surface. The drop at the higher 
attitude is due to the charge separation layer. 
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Fig. fib. Expansion of Fig 6a to low altitudes (dashed). The solid curve is the expected 
potential distribution above SIDE wills a negative ground stepper voltage f'h,.) 
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observations made by SIDE at the Apollo 14 and 15 sites. It is however at variance 
with CPLEE observations of downwelling fluxes of - 8()-cV photoelectrons 
under similar conditions. 

The two vector magnetic field measurements at the Apollo 14 site have been fit 
to the field of a dipole buried beneath the surface. When combined with the 
external magnetic field we find agreement between CPLEE’s predicted and 
observed shadow zones. A consequence of the interaction of plasma sheet 
particles with the field is the formation of a charge separation region above the 
Apollo 14 site similar to that observed by SWS at Apollo 1?. The concept of a 
charge separation region is found capable of resolving the apparently divergent 
observations of CPLEH and SIDE. Near the lunar surface the potential distribu- 
tion would be similar to that predicted by the Guernsey-Fu model. Thus SIDE 
observes a surface potential ~ 10 volts at Apollo 14 and 15 sites. The charge 
separation region above the Apollo 12 and 14 sites reflects photocledrons with 
energies less than the total potential barrier to the surface. It must be part of our 
ongoing research to develop a mathematically self-consistent potential distribu- 
tion out cf the qualitative model that wc have here presented. 
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Lunar nightsidc electron fluxes 
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Alrslract Studies of particle times ill the lunar surface with lire Apollo M AI.SI.I'/C IM ft particle 
spectrometer during lunar night periods h.ive shown three distinct types of electron fins events One of 
these is shown to originate at the earth's bow shock, but the remaining twr> are shown to arise most 
likely as a result of local solar wind lunar interactions. 1 he flus events had mean electron energies of a 
few hundred electron volts and total fhives of 10' I0 T electtons/crn 1 sec These Arises are a possible 
source of the large negative lunar surface potentials observed try other A I SI- 1* instrument , 


I. In I uoDCcuuisi 

Ohsi RVATluNSOt- tHARfpt: n t*.\u nr i t. 1 1 lx? sat and neat the Inti. rt nigh! sin fact’ 
when the moon was in the solar wind have shown that the so -called “dowristieam 
plasma void cavity" is a misnomet ami that indeed significant clanged particle 
fluxes are present in this region, hoi example, Andeison ef ul. (1972) have 
detected elections with H >500 cV in tlie cavity with the limar-orbiting Pat tides 
and Fields Subsatellite, while energetic ion hursts at the lunar night surface have 
been detected with the Al.SFP/SIUH instiuments (F'leeman, 1972). 

In a recent paper (Reasoner, 1975) we teported on obsei vations by the CPI.F.R 
luttiir sui face ion electron spectrometer of electron fluxes at the nightside hiti.n 
surface while the moon was upstream of the earth in the solar wind. In that paper 
we showed that n subset of observed election fluxes wete stiongly controlled by 
tire direction of the interplanetai y magnetic field rIMF), appearing at the moon 
only when the moon was connected to the eai til's bow shock along magnetic Held 
lines. We therefore proposed tli.it these electrons wete generated at the bow 
shock and subsequently propagated back upstream to the luttat sin face. The 
densities and temperatures of these electron fluxes wete in the ranges 2-4 x 
10 'em" 1 and 1 .7-2.8 x I0' ,n K. The fluxes were then in the range 0.4 1.0 x 
10* e!ectrons/cm l -sec. 

The implications of these observations ate discussed by Reasoner (1975). lo 
summarize briefly Scudder ct al. (1973) observed small euhimeements in the 
measured solar-wind electron temperature when the OtiO 5 satellite was up- 
stream of the earth and connected to the how shock along magnetic field lines. We 
asserted that these bow shock electrons observed at the lunar surface were 
responsible for the solar-wind election temper, 'tme increases The moor tided to 
shield the instrument from the direct solat wind and allowed an imcontaminated 
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measurement uf these bow shook I'lalmns. II it is assumed dial the i In lions . i r l* 
the high-energy tail of Iho magrietoslit ith citation ilisti ihtifion, tin n lire 1o1.il 
potential barrier through which the elections had to ti.ivcl from the downsiioain 
side of the shock to the lunar surface (bow '.hock potential phis Umar surface 
potential) is estimated to be 5(1(1 volts. 

In this paper we extend the observations of lunar nightside electron Dux events 
to include two other types, distinguished by their phenomenological chaiacleris- 
tics, which also make significant conti ihutions lo the total chuged particle fins to 
the nightside lunar surface. These other two types of dux events, in contrast lo the 
Type I bow shock flux events reported earlier, me ■ Town to aii -,e most likely as a 
r esult of lunar-solar wind interactions. The iinplh aliens of these flux events to the 
problem of the lunar nightside surface potential will abo be dis. r-eed 

II. Oiisi-.hva i u>ss 

The electron (lux measurements were made with the Chained Particle I.uaat 
Environment P.xperiment (C'PLP'.F), a component of the Apollo 14 Ai.SI-P 
system. A complete instrument description may be found in Burke mu' Rmsoncr 
(1972). The instrument was sensitive to electrons with encigics ranging from 40 to 
20keV, and for this study the 8 lower energy channels ranging from 40 to 700 cV 
will be used. Magnetic field data from the Fxpltuer B/Anics Research (’enter 
magnetometer in lunar orbit provided magnetic field line geometry information. 

Data from four contiguous lunar night periods from February to May 1971 
were examined for the presence of election fluxes It was found that there were 
sporadic, though significant, fluxes of elections impacting the lunar surface 
throughout the lunar night. Figure 1 shows an example of the lunar night flux 
events, These data were from May 25, 1971. On this day the solar ecliptic 
longitude of the moon ranged from 4 r to lb', i.r. the moon was almost directly 
upstream of the earth and the instrument was located lb" to 4‘ from the lunar 
midnight meridian toward the dusk terminator. In this figure the lower panel shows 
the counting rate from the 200 eV electron channel of the instalment This 
channel was chosen because of its huger geometric factor and consequent higher 
counting rates. The upper two panels aie the solar ecliptic latitude (fl) and the 
solat ecliptic longitude (c>) of the interplanetary magnetic field The data gaps in 
the magnetometer record are due to (lie operational characteristics of the 
Kxplorcr 45 satellite. Also shown on the figure (dotted lines) are the boundaries of 
the regions in 4> where the IMF lines connect from the moon to the earth’s bow 
shock. For values of <j> between the boundaries (near </> (T) the moon is 

connected to the how shock. 

The two large flux events centered at 0215 and (BIO are examples of Type I 
flux events as evidenced by the correlation betwi ui occurrences of the fluxes and 
the IMF direction. However, it is seen Drat at other times, for example around 
]?(10, there arc electron flux events which are present even when Ihcre is no IMF 
connection from the moon to the bow -hock. Although the occuru-nce of these 
events is sporadic, the event to event intensity displays no systematic changes 
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Ftg 1. Flection flux iintl magnetic fieM data fur May I 1 '. 1V71 w fieri the (1*1. I f-, 
instrument was on the nt.htsiile luu.ir stir face near lunar midiiii’lil The hut tom panel 
shows the counting rate line to ?(H)eV elections, and the top two panels show the solar 
ecliplie latitude (0) and longitude ( ijt ) of the inteiplain l.uy magnetic Field Ihc dolled 
lines on the tp plot delineate the /ones of IMF connection fiom the moon to the e. mil's 
bow shock. This Flgutc illustrates Type I and Type II lunar High t si !c electron flux events 


with distance of the instillment finm the Umar leiminator. We tefet to these 
events as Type II. 

The distinction between Type I and Type H events is based both on the 
dependencies on IMF direction and on their iclative intensities In the data base 
analyzed, a total of 14 events were identified and classified as T ype I based on 
their correlation with IMF' diiection. For each of the 14 events the data weie 
searched for the nearest flux event which met tin criterion that the IMF diiection 
must have been such that the moon was not connected to the bow shock The 
maximum 10-mitt average counting rates in the 200 eV channel were then 
tabulated for the two sets of events, and the avetages (CK) and standard 
deviations (S) were calculated. T he mean and standard deviation foi the bow 
shock-connected events were CR 5.01 ami S 1.52, and foi the rum bow shock 
connected events the mean and stand. ttd deviation wctc ( R 2.25 and S 0.27, 
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The nm mali/cd ililJVictu c of the means is ft 7, .uni hem e wi* nm hide lliitl thcic is 
a statistically significant ililT. unco in the inttnsily of Itm.u night election flux 
events depending on whether or not the moon is < oruimted to the o.tflh's l>o\v 
shock along tin IMF lines. 

Figure 2 shows an example of a thin! type of lunar nighlsrdc elec Iron flux 
event. Here, as in Fig. 1, the counting rate of the 2(H) eV election channel is 
displayed. Also shown is the geomagnetic disturbance parameter Kp. The data 
displayed cover the period from 12(H) U.T. on May IK i‘771 (Day I 18) to (l(H)() U.T. 
on May 21 (Day t-fl). Lunar sunset, marked by an anow ami the corresponding 
disappearance of lunar photoelcclnm Duxes, oectrned at I ‘>10 IJ.T. on May 18 
(Day 118j. Flection fluxes arc seen at the terminator and to persist into the lunar 
night period for approximately ■) days lull with gradually decreasing intensity. I he 
corresponding behavior is also seen prior to dawn terminator crossing, i e, these 
fluxes first appear approximately -1 days piior to crossing. These fluxes are 
distinguished by their gi cuter intensity than either lire Type 1 or Type II events 
discussed earlier; and, unlike the other two types, they are strongly correlated 
with Kp. As can be seen fimn (lie figure, tire fluxes are absent when Kp is below 
1+. Although the connection between the geomagnetic activity index Kp and 
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Hip 2 , rU’k’trnn flux and Kp data fur tin? period M.ty IS May 21 , 1 f //1 iD.iy HK Ml) 
when the in -dr mm 1 ill was nussim; tin* dusk lrrmit .iTnr . uni ptiue' dint* min the Itiii.ir 
niplitsMe. Simstl is /narked by the vertical antnv ihi M.in IK . 1 1 I'/aihr. 1'tiis tivure 
ill us! ratev Type III flux events ami sfnuv-x their x nj leTatin’i wnti Kp 
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events at the moon fat upstream of the earth may not he obvious, Kp has been 
shown to be an indirect indicator of tiie velocity of the solar wind (Snyder rt at ., 
1963), 'Ihus these Type II! (luxes appear to originate af or neat the lunar 
terminators and ate influeneed by solar- wind conditions. 'I he occurrence, if any, 
of these fluxes at tile lunar duyside surface is impossible to determine since they 
are considerably weaker than the phntoeleetrou fluxes obseived at the surface on 
the sunlit hemisphere (Reasouer and Buiko, 197?) and would be masked by the 
phutoelectroiis. 

Flectron spectra for the lunger duration electron flux events were computed 
from 30-min averages These long averages weie necessary to pain statistical 
significant in view of the low counting rates of the election flux events. 
Background subtraction corrections and standard deviations were computed by 
fitting the experimental data points to assumed functional spectral forms using a 
X 1 minimization algorithm called CURMI' (Bevtnglori, 19(>9). ’I he algorithm was 
used to fit both Maxwellian distributions and k function distributions. The 
k - function distribution, fits! applied by Vasyliimas (I96K) to spars- plasma 
measurements, has the functional foim for differential flux 

n I’(k + 1) ff/K 

(2rnfaj)'(rrh)' I t* ;) (1 t I'.Ik !' . ■■) 

where n - number density, /•'„ most probably eneigy, and k is the spectral 
inriex. An additional derived quantity is the mean, or effective eneigy 

F 3 /-• * 

£- K 2 

and correspondingly the mean or effective temperature 7\ - F ,„ !k The k 
function resembles a Maxwellian distribution at low energies but possesses a 
tum-Maxwellian high energy “tail" with a power law dependence at high eneigies. 
The k function distribution Iras pmved to be a useful description of observed 
space plasma distributions which are often non Maxwellian For the present data, 
it was found that in most eases the k distribution resulted in a better Sit (smallei 
^ 3 ) to the data points than did the Maxwellian distribution 

The Type I bow shock electron flux events displayed deuaties and mean 
temperatures in the ranges 2- 4 x 10 ’em 1 and 1.7- 2.X x 10' K, respectively. '1 lie 
lower-intensity Type II events were more difficult to fit to spectra because of the 
very low counting rates and corresponding poor statistics. However, those spectra 
when fitting could be accomplished successfully resulted in densities and mean 
temperatures in the ranges 0T 2 x 10 ’em ’and 1.0 fix 10' k(/„, 90 l?0cV), 

respectively. 

A spectrum of a Type III lunar tei initiator event is show n in Fig. 3. I 'hose data 
were from the event centered at l ? ?( r t '.'1 . on May 20, 1971 (Day HO) (see Fig. 2). 
The data points and statistical error bars are shown, and the dotted line is the 
k function fit to the data points. 1 lie distiibution is described by the p meters 
n 10 3 cm 1 , 7,„ - 2.6 > I0*"K (/•'., ■ 2*10 eV> and k 2. I hesf values are typical 
for the Type III events studied. In terms of tot d election flux to the Itirui sm face. 



WH 


I) I !! F A ' 'M II 



10 


... J — 


1C 1 


10 

{.Lf.CTkUM FNf kGY ftV> 


10 


1 it! 1 I'.k'clion spcituuri <if a Type 111 electron (tils cccr.t fn-m l’?0 H I >m May ?('. 
1^71 (Day 1 5(1)- The ituMeii curve is u h fuiu tiuii fit lo tin- il.it.i pi lints u idi the p.irnnicU is 
n 10 1 on 1 .mil !■„ ?1(1 cV 


the lunar nightside events represent (luxes ranging from 10* eleclions/cui see (the 
lower limit of detectability of the (TI.liH instrument) to over 10 elections, Yin 7 
sec. 

In siiriiin.iiy, thiee distinct types of election flux events at the nichtsidc hiniir 
stiiface have been identified. The Type I events are elections that have propa- 
gated tipstteam from the earth’s bow shock. I.ower intensity Type II events are 
seen to occur sporadically throughout the lunar night with no dependence either 
upon the IMF direction, Kp, or upon the distance fjom the Inna: terminator. 
Jligher-iritensity Type III events are seen to be stiongly mi tel. tied both with 
distance from the lunar tenninator and with Kp In the next section we discuss 
possible origins of the Type II and Type III evenls. 
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We proceed upon Ihe assumption that the source of (tie Type II ami Type III 
elections is ultimately the solai wind ami inquire as to vvfi.it piocesses might 
account for the appearance of these electrons at the Umar mghlside surface, ’flic 
solar wind electron distribution it low energies can be characterised as a 
Maxwellian distribution with N 5 cm 1 and T, 1()’' K (Montgomery ct of., 
1968). If this were indeed the case, there would be insufficient electron flux in the 
energy range 46 701) eV to account For any but the weakest of the Type II events, 
even assuming a mechanism to scatter them to the lunar night surface with 100'? 
efficiency. However, the measurements of Montgomery ct (if. (1068) also show a 
high-energy non Maxwellian “tail” in the solar wind electron spectrum that 
becomes significant at energies above 70 eV. (See big. 2 of their paper.) The 
high energy tail of the solar wind electron distribution has also been ohsetvi •! by 
Anderson ct al. (1972) with detectors on the lunar orbiting Particles and 1 ields 
Subsatelhte. The energy range covered in that experiment was VO IS keV. As the 
subsatellite traversed the solar-wind cavity, it w,,s found that elections in the 
energy ranges 0.52 0.58 keV and 1.87 2,08 keV showed a marked decrease in the 
shadow, while those with energies 5.5- 6.5 keV were essentially unaffected by the 
presence of the moon and cavity, except for particle shadowing effects based on 
single particle trajectory calculations. Ihiscd on these data Andeison cl al. (1972) 
argued that electrons with energies abov : between 2 and 5 keV were decoupled 
from the solar-wind fluid and had free access to the cavity, whereas lower energy 
electrons undergo some form of collective ink i actions md are partially excluded 
from the cavity. We note that the typical flux at 500 eV for a Type III event 
(- 2 x 1(1’ electrons/cm J -seC-stcr eV) is oT the same older as the fiu.x of 520 -580 
eV electrons observed inside the cavity by the Pat tides and Helds Subsatellite 
(PI S) (see Anderson et al., 1972; Tigs. 3 and 4). We argue then that PI S 
520 58l)-eV electron fluxes are a mixture of the types of electron flux events 
observed by CPI, FT, with the Type III events being the dominant eoutr ifmtion 
near the terminatots. 

A word of caution is in order he.e concerning comparison of the PI S and 
CPl.TT observations f irst, the observations overtop at only one point of the 
overall energy spectium ( - 500 eV) and, second, tire time scale of observations is 
vastly different. Whereas the PCS completes a cavity tiansit in about I hi, the 
CP IFF instrument at a fixed location on the lunar sin face spends about It days in 
the cavity. 

The observations of Montgomery ct rtf (I96S) and Anderson ct al. (1972) 
discussed above show that t lie re is sufficient election flux in the high energy tad of 
the solar-wind electron spectrum to account for the Type II and T yp- 1 electron 
fluv events, given that a mechanism exists to decouple the highei energy electron , 
from the solar wind fluid and allow them to penetiate into the cavity. We shall 
retm n to this point later . 

Measurements with the lunar minting spaceman l.xplorvi have shown that 
the moon po sesses no significant large scale permanent dipole magnetic field and 
that no 1 aw shock exists npstie.im of the moon (Colburn ct tit., 1967; Ness ct a! . 
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1967). Plasma obser vations by I .yon it i it. (1967) showed an absence of solar a. i m] 
ions in the downstream cavity with boundary locations am! flux decreases 
consistent with geometrical shadowing of an aberrated solar wind with a finite 
temperature. The aagnetic signature of the solar- wind cavity was observed by 
both Explorer 35 (Colburn ct a I,, 1967; Ness cl nl., 1968) and by the Apollo 15 
Particle and fields Subsatellite (Russell ct til., 1973) and was found to have the 
following features; (I) unperturbed inlerplanetaiy field on the lunar daysidc, (2) a 
penumbra! decrease in magnetic field intensity, and (3) an umbra I inciease in the 
magnetic field intensity. 

Rased on these observations Michel (1968) has presented a hydmmagiutic 
model of solar wind flow past the moon wherein the moon acts as a pci feet 
absorber of solar wind particles on the days ; dc and carves a downslicain cavity in 
the solar-wind flow. In the model, the solar-wind flows transversely into the cavity 
at file magneloacoustic velocity, rarefaction waves are formed at the lunar limb and 
propagate outward, and weak downslieam trailing shocks form where the cavity 
closes. The observed penumbral magnetic field decreases would be coincident 
with the rarefaction wave region where the plasma density is decreasing and the 
umbra! increases would be a consequence of the requirements of pressure 
balance However, both satellites have also observed transient enhancements in 
Hie magnetic field stiength exterior to the penumbral decrease legion, and these 
enhancements have variously been inteipreted as compressional disturbances 
(Siscoc ct ol., 1969) or as lunar limb shocks (Schwartz ct ill., 1970). The penumbral 
increases are not predicted by the hydromagnetic theory. Various authors have 
proposed models of these disturbances based on such sources as single particle 
interactions as the solar-wind grazes the lunar limb, interactions with locally 
induced eddy currents or remnant magnetization regions, and into action with the 
lunar photoelectron layer. for a discussion of these various models the reader is 
referred to the review paper by Schubert and 1 ichtenslcin (1ST and rcfeienccs 
therein. 

The experimental data from Explorer 35 and the Apollo 15 Pl-S discussed 
above show that the bulk of the solar wind behaves as a fluid and is excluded from 
the downstream cavity. However, solar wind electrons with energies above a few 
kiloelectron volts are decoupler' from the solar-wind fluid and penetrate into the 
cavity with little or no attenuation. If it is postulated that electrons in the energy 
range observed by CPI. EH (40-700 eV) are at least partially decoupled, then their 
appearance in the solar-wind cavity at reduced intensity would he a natural 
consequence. This would explain the Type IT events, whose intensity is constant 
throughout the lunar night. The sporadic nature of the events would then be a 
reflection of either the nature of the solar-wind source or of a temporally varying 
decoupling mechanism. However, the presence of the Type III events, whose 
intensity is a maximum a* or near the lunar terminators suggests that there is an 
additional decoupling and/or scattering mechanism at or near the terminators 
which is a direct consequence of the interaction of the solar wind with the lunar 
body. One possibility is that p orcsses act in lire rarefaction region where the 
solar wind is expanding into the cavity to furnish the required mechanism. 
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Such processes, however, would have to he localized neat the terminators, tf 
they were continuously active along the region downstream, then one would 
expect to see events with intensities typical of Type II! events throughout the 
cavity, which is clearly not the case. Anothei possibility is that the required 
decoupling and/or scattering mechanism originates in the penumhral magnetic 
field increases which, as previously stated, have been interpreted as limb 
compression;)! disturbances or limb shocks. T his interpretation is consistent with 
the localization of Type 111 events near the terminators and their correlation with 
Kp. However, studies of the locations of limb magnetic field pei turbations with 
respect to lunar longitude by Sonett and Mihalov (1972) have shown that no such 
perturbations are regularly observed over the Apollo 14 site. This does not, 
however, rule out the possibility of weaker perturbations which were nut 
observed by Explorer 35. 

These lunar night flux events, although weak in magnitude compared to 
sources such as the direct solar wind, magnetosheath, and plasma sheet, are 
nonetheless significant in view of the fact that lunar photoelectrons are not 
available to provide a return current. Consequently, these electrons should be 
capable of afTecting the lunar nightside surface potential. Theoretical calculations 
of Manka (1973) based on plasma probe theory result in a value of 38 volts fur 
the lunar nightside surface potential when the moon is in the solar wind. 
Experimental measurements of positive ion fluxes to lunar night surface by the 
AESKP/Suprathermal Ion Detector Experiment (SIDE) (Eiecman and Ibrahim, 
1974) indicate that the lunar nightside potential is actually considerably higher, on 
the order of a few hundred volts. We suggest therefore that the lunar night 
electrons flux events, with mean energies in the range of 100-200 vults, arc- 
responsible for driving the lunar surface potential to the large negative values 
inferred by the SIDE measurements. We note that the measured ion densities 
were in the range 0,05 ions/cm 1 , which would be of the correct order to provide 
flux balance to the lunar surface. 

In summary, we have identified three distinct types of electron flux events 
which impact the nightside lunar surface. Two of these were shown to be a result 
of lunar solar-wind interactions. We propose thru solar-wind electrons in tin- 
energy range 40 -700 eV are paitially decoupled from the solar-wind fluid and arc- 
able to penetrate into the duw nsti cam env ity, and fm ther that an enhanced source 
of decoupling and/or scattering is active near the lunar limbs. The cflective 
temperatures of the surface fluxes are in the range of a few hundred electron volts 
and the total fluxes in tit-- range 10' !()’ eleetions/cm ! -see. These elections ate 
likely responsible for the SIDE, observations (l ieeinan and Ibrahim, 1971) of a 
Umar nightside surface potential on the order of a Tew hundred volts. 

At Jt'iinWedirrmiifv -The nullror (hank- Dr. D Colburn oT On. N ASA/Aiiies Research ( enter for 
supplying Explorer 35 in.iitnelometer data for lhi\ study. Pattiein H Iteiir, Kice University, piov ideal 
iiiv.ilu ihlt* ii-sbt.'im'i' in soiootihe proer. nomine 

This worts w.is aippotu- J . in part . by NASA content NAS *) sss 1 and NASA giant NSU 0/il?s 
The vsotk w ,i, performed while the authoi was a NAS/NKU Senior Postdo,. tin at tethm ,it the 
NASA/Mai shall Space Fhel i C'entoi 
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